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Available online 20 March 2015AbstractFibre-reinforced plastic (FRP)/steel composite is gaining momentum in civil engineering for repair, permanent formwork and
external reinforcement. It is of vital importance to research the damage propagation of the new composite under loading. In this
paper, we prepared four identical specimens of FRP/steel composite plates to conduct our test. Two of the specimens were under
uniaxial loading, and the other two were under cyclic uniaxial loading. During the test, we monitored the specimens by acoustic
emission (AE). AE is a suitable method to monitor the damage process of composite material because of its nondestructive and real-
time features. In this study, we used a sentry function to assess the damage process of the specimens that were under uniaxial
loading and calculated the index of damage (ID) and the modified index of damage (MID) to analyse the damage of the specimens
that were under cyclic uniaxial loading.
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Composite materials have been a heavily investi-
gated research topic in several fields, and significant
progress has been made in composite research. FRP is
a new material with good mechanical properties, such
as high strength of extension, low density, good
corrosion resistance and anti-fatigue [1]. The high
strength of extension and low density indicate that the* Corresponding author.
E-mail address: 11change@sina.com (Z. Chen).
Peer review under responsibility of Far Eastern Federal Univer-
sity, Kangnam University, Dalian University of Technology,
Kokushikan University.
http://dx.doi.org/10.1016/j.pscr.2015.03.002
1229-5450/Copyright © 2015, Far Eastern Federal University, Kangnam U
Production and Hosting by Elsevier B.V. All rights reserved.material has a high specific strength, which will lead to
low self-weight. With these advantages, FRP has been
widely used in structural repair and strengthening
[2e5]. However, FRP also has shortcomings, including
high brittleness and a high price. Steel performs well in
ductility, but it has high self-weight and is easily
corroded. Therefore, we can combine these two ma-
terials in the structure to benefit from their advantages
and hide their defects.
FRP and steel composite has been use in a wide
range of applications in civil engineering because of its
good performance. The applications of FRP and steel
composite include some important componentsdFRP/
steel composite bars and FRP/steel confined concrete.
FRP/steel composite bars avoid the corrosion of theniversity, Dalian University of Technology, Kokushikan University.
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structure because of the high specific strength and good
corrosion resistance of FRP [6e8]. Due to the high
extension strength and the high elasticity modulus,
FRP/steel confined concrete can control the expansion
of concrete effectively to improve the compressive
strength of the columns [9,10].
As FRP/steel composite becomes widely used, the
monitoring of its damage is also becoming more
important. To monitor this composite, acoustic emis-
sion (AE) is a good choice. AE is a non-destructive
(NDT) monitoring method that is widely used in en-
gineering [11]. Compared with other NDT methods,
AE is usually applied during loading, whereas most
others are applied before or after loading, which makes
AE more convenient for monitoring the damage pro-
cess of structures [12]. During the monitoring, the AE
system can record parameters of the source signals that
can be used for further research, such as the amplitude,
counts, rise time, duration, average frequency and en-
ergy. In recent years, some researchers have developed
data processing methods for the AE parameters.
Sentry functions have been successfully used to
study the damage progression and fracture energy
release rate of composite laminates [13]. This technique
combines the cumulative AE energy with the strain
energy of the material rather than analysing the AE and
mechanical information separately. Sentry function
have found their value in estimating the residual
strength and studying the damage characteristics of
composite materials [14]. However, few studies have
applied sentry functions to investigate FRP/steel com-
posite. The index of damage (ID) was proposed based
on the relation between the cumulative AE energy and
plastic strain energy of the specimens [15,16]. The ID is
calculated by the cumulative energy at any moment
during the test divided by the cumulative energy when
the structure member experiences the maximum
allowable damage. This method is well-suited to assess
the damage of structure members that are under cyclic
loading because it can perform quantitative analysis of
the damage of the structure members rather than qual-
itative analysis. The cumulative AE energy when the
structure members experience the maximum allowable
damage cannot be obtained in practical applications,
which limits its application in the field. To solve this
problem, we use a modified index of damage (MID),
which will be discussed later in this paper. In this study,
we analyse the damage of specimens under uniaxial
loading with a sentry function and assess the damage of
specimens under cyclic uniaxial loading with the ID and
MID values.Experimental procedure
Test specimens preparation
Four identical FRP/steel composite plates were
produced to conduct our test. The FRP/steel composite
plates used the sandwich form with both faces of the
steel plates were pasted with a layer of FRP sheet. The
shape and size of the specimens are shown in Fig. 1.
The composite plates were produced by the hand lay-
up method. The preparation of the FRP/steel compos-
ite plates is as follows: (1) wipe off the oil stain and
dust of the steel plates surfaces with alcohol. (2) Polish
the steel plates, remove the rust, and treat the surface
of steel plate by roughening. (3) The FRP sheets must
be tailored to the designed size, impregnated with
resin, and then bonded to the processed steel plates and
the excessive resin extruded as much as possible. (4)
To prevent the FRP of the end socket from fracturing in
the tensile process, we place an aluminium strength-
ening sheet on the end socket according to Test method
for tensile properties of oriented fibre reinforced
plastics, GB/T 3354-1999.
Material characteristics
The CFRP cloth in the test is UT70-30 CFRP
(300 g/mm2), which was produced by TORAY IN-
DUSTRIES INC. The type of tackiness agent is JGN-T
structural adhesive, which was produced by Dalian
KAIHUA New Engineering Technology Co., LTD. The
adopted type of steel plates is 16 Mn with a thickness
of 3.05 mm. The parameters of the materials are listed
in Table 1. In the table, the parameters of the steel were
obtained through tensile test, and the parameters of
other materials were provided by the manufacturers.
Experimental procedure
The FRP/steel composite specimens were set on an
electronic universal testing machine, which was man-
ufactured by Jinan Shidai Shijin Test Machine Co.,
LTD, and then the uniaxial tensile test was conducted.
An AE transducer was placed in the middle part of the
specimen and then linked to AE monitoring system via
preamplifier. An extensometer was also placed on the
specimen to conduct deformation measurements. The
arrangement of the specimen, the transducer, and the
extensometer is shown in Fig. 2. The AE monitoring
system is a MISTRAS-2001, produced by Physics
Acoustic Corporation. The threshold of the AE signals
was set at 45 dB, the main amplifier gain was set at














Steel 436 600 190 3.05
CFRP / 4077 245 0.167
Tackiness agent / >40 >2.5 /
Fig. 2. Loading device.
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filter frequency was set at 1 MHz. The loading process
employed displacement control method, and the rate of
loading was 1 mm/min.
Methodology
Sentry function
The AE signal information and mechanical infor-
mation are usually analysed separately in most damage
analyses, and then their relationship is determined. To
combine the AE and mechanical information, a func-
tion called a sentry function was proposed [14,17e19].
The sentry function is defined as the natural logarithm
of the ratio between the mechanical energy and the
cumulative AE energy. The function is shown as
follows:






where Es(x) refers to the strain energy, Ea(x) refers to the
cumulative energy, and x refers to the strain of the specimen.
The sentry function f is divided into four stages
according to its variation trend, which is shown in
Fig. 3: (1) bottom-up stage (PⅠ). This stage represents
the instantaneous energy storing capability in the ma-
terial induced by the strengthening event. During this
stage, the released AE energy is minimal, and thestrain energy is stored continuously due to the growth
of stress. (2) Increasing stage (PⅡ), represents the strain
energy storing phase. In this stage, some damage began
to propagate and released more AE energy but still less
than the stored strain energy. (3) Sudden drop stage
(PⅢ), related to an immediate release of stored energy
because of internal material failure. During this stage, a
large amount of AE energy is released instantaneously,
which causes a sudden drop of the f value. This in-
dicates the sudden failure of the specimen. (4) Con-
stant stage (PⅣ). This stage indicates that the stored
Fig. 3. The stages of sentry function.
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due to the damage propagation.
Index of damage (ID) and modified index of damage (MID)
Plastic strain energy is a proper parameter in fatigue
damage evaluation and is used in damage indexes.
Damage indexes according to the ratio of the strain
energy dissipation divided by the final strain energy
were proposed and effectively characterized the dam-
age for structure members in a previous study under
cyclic loading [20]. In mechanical damage assess, an




where Wp is the plastic strain dissipated by the material, and
WpІ is the plastic strain energy of the time when the material
begins to fail. From the equation, when ID¼ 1, the damage of
the material reaches the maximum level.
Benavent-Climent et al.[15] found that there is a
good correlation between the normalized AE energy
and the plastic strain energy and proposed an ID
parameter using the AE energy. The ID is defined as
the cumulative energy at any moment during the test
ðEAEÞ divided by the cumulative energy at the end of
the seismic simulation at which the structure member
experiences the maximum allowable damage ðEDAEÞ.




In practical structure monitoring, the structure
cannot reach the maximum allowable damage or the
yield point, and we cannot obtain EDAE to calculate ID.
To solve this problem, a modified index of damage
(MID) was proposed to guarantee the practicalapplication of this method. We bring in a new




AE is the cu-
mulative AE energy at the half point of the yield point





Test results and discussion
AE energy analysis and mechanical information
In this section, we compare the basic AE informa-
tion with the mechanical information of all four
specimens and determine their relationship. We plotted
some figures to display their relationship.
Fig. 4 shows the relationship between the stress and
AE energy vs time of the specimens under uniaxial
loading. From the figures, the stress increases almost
linearly vs time at the beginning, and the value of the
AE energy is small. This indicates that the released AE
energy is weak, and no vital damage occurred. When
the stress increased to the maximum value (approxi-
mately 620 MPa for S1 and 590 MPa for S2), the stress
has a large immediate drop. In this instant, AE signals
with huge AE energy values were record by the AE
system. The phenomenon is caused by the brittle
fracture of the FRP. At this moment of the test, a loud
noise was heard due to the fracture of FRP. After the
fracture of the FRP, the carrying capacity drops and the
load is transferred to the steel. When the FRP is out of
service, the steel is in the plastic stage and the load
grows slightly.
From these two figures, we can confirm the failure
time of the FRP/steel composite plates under uniaxial
loading through AE energy, but we cannot predict it.
To predict the failure of the specimens, we introduce a
sentry function to assess the damage.
The results of the specimens under cyclic uniaxial
loading are shown in Fig. 5. These figures display the
relationship of the load and cumulative AE energy vs
time. After the first cycle, the plates were in the plastic
stage, and the cumulative AE energy increased faster
than in the elastic stage. At the end of each cycle, the
load was almost zero, and there was no acoustic
emission signals, which led to the platforms of the
curves of the cumulative AE energy. With only the AE
energy, we cannot assess the damage of FRP/steel
composite plates under cyclic uniaxial loading, so we
add the index of damage (ID) and the modified index
of damage (MID) to analyse the damage.
Fig. 4. (a) AE energy and stress information for specimen S1. (b) AE energy and stress information for specimen S2.
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The sentry function is the natural logarithm of the
ratio between the strain energy and the cumulative AE
energy. We connected the f-strain diagram with theFig. 5. (a) Cumulative AE energy and load information for specimen
SC1. (b) Cumulative AE energy and load information for specimen
SC2.stressestrain diagram to analyse the damage of the
FRP/steel plates more conveniently. The results are
shown in Fig. 6.
The two specimens under uniaxial loading have
similar trends of the sentry function. The sentry func-
tion curve can be clearly divided into four stages. The
four stages match the stressestrain diagram well. In
the elastic stage (strain < 3000 mε), the stress rises
quickly because the increase of the strain and the
stiffness are large. During this stage, the f-value also
rises very quickly as the strain increases, which in-
dicates that the specimens stored lots of strain energy
and released little AE energy. The quickly increasing
stress leads to a large amount of strain energy stored in
the specimens. In elastic stage, damage occurs in the
specimens, which leads to small acoustic emission
events. We defined this stage as the bottom-up stage
(PⅠ). Next is the second stage (increasing stage, PⅡ).
During this stage, the stress is at a high level and in-
creases slower than in the first stage. There is some
damage that causes the stiffness of the specimens to
decline and released more AE energy. In this stage, the
f-value still increases slowly, which indicates that the
stored strain energy is still faster than the released AE
energy. When the stress reaches the maximum and the
plates come to the limitation of storing energy, the FRP
fractures instantaneously. The fracture of the FRP
causes several acoustic emission events with a large
amount of AE energy and a large drop in the f-value.
The large drop of the f-value is defined as the sudden
drop stage (PⅢ). After the fracture of the FRP, all of the
stress is transferred to the steel, and the stress increases
slightly with the increase of strain. During this stage
(constant stage, PⅣ), the f-value is nearly horizontal,
which illustrates that the speed of the strain energy
stored and the speed of the AE energy released are at
the same level.
Fig. 6. (a) The curve of the sentry function for S1. (b) The curve of the sentry function for S2.
Fig. 7. (a) Stressestrain curve for SC1. (b) Stressestrain curve for SC2.
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(MID)
The index of damage is defined as the cumulative
energy at any moment during the test ðEAEÞ divided byFig. 8. (a) ID curve for SC1the cumulative energy at the maximum allowable
damage ðEDAEÞ. We define the point of the yield as the
maximum allowable, which is shown in Fig. 7. From
the figure, the specimens yield at approximately
350 MPa and 2000 mε. The relation between the ID and. (b) ID curve for SC2.
Fig. 9. (a) Mid for SC1. (b) mid for SC2.
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lated at some specific points. During the first cycle, we
choose 5 points to calculate the ID, and in the
following cycles, only one ID value is calculated at the
peak of each cycle. From Fig. 8, the ID value increases
slowly before the yield point and the rises sharply after
the specimens reach the yield point. When the ID value
reaches 1, the specimens begin to yield. To guarantee
the practical application of this method, the modified
index of damage (MID) was calculated according to
Equation (3.3), which is shown in Fig. 9. Unlike the
ID, the denominator of the MID is EHAE, which stands
for the cumulative AE energy at the half point of the
yield of the specimens. From Fig. 9, we can see that
specimen SC1 began to yield when the MID was
1.528, and specimen SC2 began to yield when the MID
was 1.538. According these two specimens, when the
MID value reaches approximately 1.5, the specimens
begin to yield. To prove the validity of this conclusion,
more experiments should be conducted.
Conclusions
Based on the analysis of the AE parameters and the
mechanical information, several conclusions are
reached:
1) The variation trend of the AE energy or the cu-
mulative AE energy reflect the stress state of the
specimens. Under uniaxial loading, the AE energy
is steady before failure and the mutation of the AE
energy represents failure of the specimens. We can
easily confirm the failure time of the FRP through
the AE energy, but we cannot predict it. Under
cyclic uniaxial loading, the cumulative AE energy
increased faster in plastic stage than in the elasticstage. There is little AE energy released during the
unloading time. Additionally, we need to assess the
damage with the help of other means.
2) The sentry function takes the mechanical infor-
mation and AE parameters into account at the same
time. The curve of the f-value can be divided into
four stages: bottom-up stage, increasing stage,
sudden drop stage and constant stage. From the
plot presented, the four stages can clearly reflect
the loading stages of the specimens.
3) The index of damage (ID) and modified index of
damage (MID) are derived from the strain energy
of the specimens, and they have different
increasing tendencies before and after the yield
point. When ID is 1 or the MID is 1.5, the speci-
mens yield. The MID was used to guarantee the
practical application of this method.
Acknowledgements
The authors are grateful for the financial support
from the National Natural Science Foundation of
China (NSFC) under Grant No. 51278083, the National
Key Basic Research Program of China (Project No.
2012CB026200), and the Science and Technology
Support Program of China No. 2011BAK02B04.
References
[1] W. K€onig, P. Graß, Quality definition and assessment in drilling
of fibre reinforced thermosets, CIRP Ann. Manuf. Technol. 38
(1) (1989) 119e124.
[2] G. Ji, G. Li, W. Alaywan, A new fire resistant FRP for exter-
nally bonded concrete repair, Constr. Build. Mater. 42 (0)
(2013) 87e96.
[3] E. Martinelli, et al., A 1D finite element model for the flexural
behaviour of RC beams strengthened with MF-FRP strips,
Compos. Struct. 107 (0) (2014) 190e204.
200 Z. Chen et al. / Pacific Science Review 16 (2014) 193e200[4] R. Sen,G.Mullins,Application of FRP composites for underwater
piles repair, Compos. Part B Eng. 38 (5e6) (2007) 751e758.
[5] S.T. Smith, et al., FRP-strengthened RC slabs anchored with
FRP anchors, Eng. Struct. 33 (4) (2011) 1075e1087.
[6] Z.Y. Sun, et al., Flexural strengthening of concrete beams with
near-surface mounted steel-fiber-reinforced polymer composite
bars, J. Reinf. Plastics Compos. 30 (18) (2011) 1529e1537.
[7] M.A. Aiello, L. Ombres, Structural performances of concrete
beams with hybrid (fiber-reinforced polymer-steel) re-
inforcements, J. Compos. Constr. 6 (2) (2002) 133e140.
[8] M. Nehdi, A. Said, Performance of RC frames with hybrid
reinforcement under reversed cyclic loading, Mater. Struct. 38
(280) (2005) 627e637.
[9] Y.M. Hu, T. Yu, J.G. Teng, FRP-confined circular concrete-
filled thin steel tubes under axial compression, J. Compos.
Constr. 15 (5) (2011) 850e860.
[10] T. Yu, et al., Behavior of hybrid FRP-concrete-steel double-skin
tubular columns subjected to cyclic axial compression, Thin-
Walled Struct. 61 (2012) 196e203.
[11] M. Ohtsu, The history and development of acoustic emission in
concrete engineering,Mag. Concr. Res. 48 (177) (1996) 321e330.
[12] C. Grosse, Introduction, in acoustic emission testing, in:
C. Grosse, M. Ohtsu (Eds.), Springer Berlin Heidelberg, 2008,
pp. 3e10.
[13] S. Mostafavi, et al., Acoustic emission methodology to evaluate
the fracture toughness in heat treated AISI D2 tool steel, J.
Mater. Eng. Perform. 21 (10) (2012) 2106e2116.[14] G. Minak, A. Zucchelli, Damage Evaluation and Residual
Strength Prediction of CFRP Laminates by Means of Acoustic
Emission Techniques, Nova Science Publishers, New York,
2008.
[15] M. Abdelrahman, M.K. ElBatanouny, P.H. Ziehl, Acoustic
emission based damage assessment method for prestressed
concrete structures: modified index of damage, Eng. Struct. 60
(2014) 258e264.
[16] A. Benavent-Climent, A. Gallego, J.M. Vico, An acoustic
emission energy index for damage evaluation of reinforced
concrete slabs under seismic loads, Struct. Health Monit. An
Int. J. 11 (1) (2012) 69e81.
[17] A. Refahi Oskouei, et al., An integrated approach based on
acoustic emission and mechanical information to evaluate the
delamination fracture toughness at mode I in composite lami-
nate, Mater. Des. 32 (3) (2011) 1444e1455.
[18] A. Bakhtiary Davijani, M. Hajikhani, M. Ahmadi, Acoustic
emission based on sentry function to monitor the initiation of
delamination in composite materials, Mater. Des. 32 (5) (2011)
3059e3065.
[19] A. Fallahi, et al., Monitoring of the deformation and fracture
process of dual phase steels employing acoustic emission
techniques, Mater. Sci. Eng. A 548 (2012) 183e188.
[20] Y.J. Park, A.H.S. Ang, Mechanistic seismic damage model for
reinforced-concrete, J. Struct. Eng. Asce 111 (4) (1985)
722e739.
